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Abstract 
To ensure better concrete quality and long-term durability, there has been an increasing 
focus in recent years on the development of test methods for quality control of concrete. This 
paper presents a study to evaluate the effect of water accessible porosity and oven-dry unit 
weight on the resistance of concrete to chloride-ion penetration. Based on the experimental 
results and regression analyses, empirical relationships of the charge passed (ASTM C 1202) 
and chloride migration coefficient (NT Build 492) versus the water accessible porosity and 
oven dry unit weight of the concrete are established. Using basic physical properties of water 
accessible porosity and oven dry unit weight which can be easily determined, total charge 
passed and migration coefficient of the concrete can be estimated for quality control and for 
estimating durability of concrete. 
 
1. INTRODUCTION 
 
Chloride-induced corrosion of steel reinforcement in reinforced concrete structures has 
been frequently reported as the predominant cause of deterioration of structures such as 
concrete bridge decks or structures exposed to harsh environments. This is one of the major 
challenges faced by owners and engineers of infrastructure systems. It is reported that about 
one-third to one-half of the projected bridge rehabilitation costs in North America are related 
to bridge deck deterioration due to reinforcement corrosion [1,2]. 
Concrete durability problems can often be related to a lack of proper quality control during 
concrete construction. To ensure better construction quality and long-term durability, there 
has been an increasing focus in recent years on the development of test methods for quality 
control. If the tests can be easily performed and results of the tests are correlated to concrete 
resistance to chloride-ion penetration, quality of the concrete can be conveniently monitored. 
Objectives of this study are to (1) evaluate the effect of water accessible porosity and oven 
dry unit weight on concrete resistance to chloride ion penetration; and (2) establish empirical 
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 relationships between the charge passed (ASTM C 1202) and migration coefficient (NTBuild 
492) vs water accessible porosity and oven dry unit weight based on experimental results. The 
empirical relationships may then be used for estimation of the transport properties of the 
concretes and durability of concrete. Both normal weight concrete (NWC) and lightweight 
aggregate concrete (LWC) mixtures were included in this study. LWC varies from NWC in a 
number of aspects that may influence the penetration of chloride ions in the concrete, e.g. 
porosity, interfacial transition zone (ITZ), internal curing effect, and micro-cracking.  
 
2. EXPERIMENTAL DETAILS 
This section presents information on materials used, concrete mixture proportions, test 
methods, and some basic properties of concrete mixtures used in analyses, and details can be 
found in references [3, 4, 5, 6].   
2.1 Properties of concrete ingredient materials 
Properties of normal weight aggregates (NWA) and lightweight aggregates (LWA) used 
are given in Table 1. Gradings of the aggregates used satisfy ASTM C 33 [7] or ASTM C 330 
[8] requirements. ASTM Type I normal Portland cement was used for all the concretes. 
Naphthalene- or polycarboxylate-based superplasticizers was used for workability purpose. 
Undensified silica fume was also used in two LWC mixtures to obtain a denser paste matrix. 
 
Table 1: Characteristics of aggregates used  
Aggregate type Particle 
size, mm 
Dry 
particle 
density, 
kg/m3 
1-hr water 
absorption, 
% mass 
24-hr 
water 
absorption, 
% mass 
Porosity, % Vol. Shape & 
surface 
texture Open Closed Total 
Granite 4.75-9.50 2610 - - - - - Irregular 
Natural sand <4.75 2560 0.6 - - - - 
Expanded 
clay 
F7.0 4.75-9.50 1300 8.0 13.0 - - -  
F6.5 4.75-9.50 1200 8.4 13.0 25.8 31.4 57.2 Spherical
F6.5 2.36-4.75 1300 8.7 11.6 28.1 23.8 51.9 
F4.5 1.18-2.36 1050 10.8 12.8 36.6 19.2 55.8 
F4.5 4.75-9.50 780 12.4 26.0 29.8 41.1 70.9 
LW <1.18 1600 25.0-30.0 25.0-30.0 ~40.0 ~3.4 43.4 Irregular 
Expanded Glass 2.36-4.75 350 12.0 46.0 30.2 55.5 85.7 Spherical 
& smooth1.18-2.36 420 6.0 52.0 36.4 46.4 82.8 
<1.18 560 ~3.0 ~28.4 ~42.1 ~35.0 77.1 
2.2 Concrete mixtures 
Mixture proportions of the concretes are summarized in Table 2. The slump of the 
concretes was controlled to be 100  30 mm except for Mixture N4 which had a slump of 60 
mm without using any superplasticizer.  
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 Table 2: Summarization of the mixture proportions of concretes [3-6] 
Mixtures w/cm Cement 
(+Silica 
fume), 
kg/m3 
Water, 
kg/m3 
Normal weight 
aggregate, kg/m3 
LW aggregate 
kg/m3 
SP, 
l/m3 
Fine Coarse Fine Coarse 
N1 
NWC 
0.30 471 141 823 957  - - 7.2 
N2 0.38 500 188 765 850  - - 2.5 
N3 0.45 414 186 699 1064  - - - 
N4 0.54 400 215 765 850  - - - 
N5 0.39 500 188 761 850  - - 1.7 
S1 NWC with 
LWA for 
internal 
curing  
0.38 500 189 765 271  - 269 1.4 
S2 0.39 500 193 413 850 187 - 1.6 
S3 0.40 500 200 574 850 117 - 1.9 
L1 
Sand-
LWC -  
Part of 
the 
aggregate
s are 
LWA 
0.30 480 144 874 -  - 395 5.0 
L2 0.35 460(+40) 175 725 -  - 409 2.5 
L3 0.45 450 203 753 -  - 395 0.7 
L4 0.38 500 188 765 -  - 255 1.8 
L5 0.38 500 190 765 -  - 395 2.7 
L6 0.38 500 191 689 - 40 395 2.3 
L7 0.38 500 190 517 - 123 395 2.3 
L8-25 All-LWC 
- All 
aggregate
s are 
LWA 
0.38 500 190 - - 444 395 2.1 
L8-30 0.38 500 188 - - 444 395 - 
L9 0.38 500 190 - - 235 395 3.6 
L10 0.20 594(+66) 134 - - 150 255 7.2 
 
2.3 Test methods 
Total porosity of concrete 
Total porosity of the concretes was estimated from the mixture proportion of the concretes 
and porosity of aggregates and cement pastes. The porosity of the lightweight aggregates was 
determined based on density of aggregate particles and density of solid materials.  The 
porosity of the cement pastes was determined by a mercury intrusion porosimeter. Porosity of 
the granite coarse aggregate and natural sand was considered negligible. No ITZ was 
considered in the calculation of total porosity of concrete. 
 
Water accessible porosity and oven dry unit weight of concrete 
Water accessible porosity of the concretes was determined by a water saturation method, 
which is similar to the one described in RILEM CPC 11.3 [9]. Three concrete specimens of 
ø100×50 mm were used for this test. The specimens were cut from a ø100×200 mm cylinder 
with about 10 mm from the top and bottom removed. From the mass of ‘saturated surface dry’ 
specimens determined in air and in water, and the mass of specimens oven dried at 105 oC, the 
water accessible porosity (in volume of the concrete) was calculated according to Eq. (1). 
Oven dry unit weight of the concretes was also calculated based on the information. 
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          (1) 
where ma = apparent weight of the saturated specimen immersed in water (kg), mo = oven dry 
mass of the specimen in air (kg), ms = ‘saturated surface-dry mass’ of the specimen in air (kg), 
and  = density of water, ~1000 kg/m3. 
 
Resistance to chloride ion penetration 
Rapid chloride penetrability test was carried out at 28 days according to ASTM C 1202. 
The total charges passed (C) after 6 hrs was obtained from integration of current over the time 
duration. The results were the average of three specimens in size of ø100×50 mm. 
Migration coefficient of chloride (Dm) was determined based on chloride penetration depth 
according to NT Build 492 method using three ø100×50 mm specimens.  
3. RESULTS AND DISCUSSION 
Experimental results of the concretes including unit weight, 28-day compressive strength, 
porosities, and resistance to chloride ion penetration are summarized in Table 3. Each result 
was the average from three specimens. The oven dry unit weight of the concretes determined 
at 28 days ranged from 1216 kg/m3 of LWC to 2287 kg/m3 of NWC. The 28-day compressive 
strength of the concretes was strongly related to their oven dry unit weight as shown in Figure 
1. 
 
 
Figure 1: Relationship between 28-day compressive strength and oven dry unit weight of 
concrete. 
 
In the following sections, results of the water accessible porosity, total porosity, and the 
resistance to chloride ion penetration of the concrete as well as their correlations are 
discussed. Detailed analyses and discussions on various concrete mixtures can be found in 
references [3-6].  
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 3.1 Water accessible porosity in comparison to total porosity of the concrete 
Although concrete with LWA particles had higher total porosity than NWC, many pores in 
the LWA particles are closed ones (Table 1) which in principle do not affect transport of 
water and ions in concrete. A material can be porous but still has low permeability as long as 
the pores are not interconnected. On the other hand, a material can have lower total porosity 
but higher permeability if the pores are interconnected. Total porosity including both 
connected and discrete pores may not be a suitable parameter to correlate to the permeability 
and chloride-ion penetration in LWC. For concrete exposed to severe environments, water 
accessible porosity is more important and more appropriate than total porosity of the 
concretes to correlate to their transport properties such as chloride ion penetration.  
As shown in Table 3, the water accessible porosities of the concrete with LWA particles 
were significantly lower than their total porosity, particularly for the LWC (Mixtures L1-
L10). For the NWC (Mixtures N1-N5), however, the water accessible porosity was 
comparable to or higher than the total porosity. This may be attributed to the higher porosity 
in the ITZ between aggregate and cement paste in the NWC which was not considered in the 
estimation of the total porosity. 
  
Table 3: Experimental results 
 w/cm  28-day 
unit 
weight, 
kg/m3 
Oven 
dry unit 
weight, 
D, kg/m3 
fcu,28, 
MPa 
Water 
accessible 
porosity, Pw, 
%  
Estimated 
total 
porosity#, 
PT, % 
Total 
charge 
passed, 
Coulombs  
Migration 
coefficient 
Dm,×10-12 
m2/s  
N1 0.30 2346 2271 81 5.8 - 1159 5.2 
N2 0.38  2365  2267 71  10.0  8.8 2528  8.8  
N3 0.45 2338 2228 68 10.2 - 280 14.5 
N4 0.54  2273  2188 49  16.1  12.7 6199  19.1  
N5 0.39  2348  2287 63  8.5  8.8 2012  9.7  
S1 0.38  2016  1933 53  10.6  22.0 2977  8.2  
S2 0.39  2162  2189 57  9.8  15.8 3111  9.2  
S3 0.40  2276  2210 56  9.4  15.1 2987  10.1  
L1 0.30 1916 1847 54 9.6 - 1284 5.0 
L2 0.35 1851 1788 58 11.7 - 242 2.59 
L3 0.38  1759  1682 30  13.0  32.7 3676  10.4  
L4 0.45 1824 1686 49 14.9 - 3486 13.3 
L5 0.38  1877  1780 50  11.0 28.2 2385  6.5  
L6 0.38  1841  1762 47  10.9  29.8 2496  7.6  
L7 0.38  1708  1624 42  12.6  33.5 3278  8.8  
L8-25 0.38  1556  1402 38  21.5  ~42.2 2559  6.6  
L8-30 0.38  1572  1413 34  20.7  ~42.2 3620  8.9  
L9 0.38  1364  1225 24  17.1  49.0 1581  5.2  
L10 0.20  1317  1216 21  13.6  49.9 110  2.4  
#  It was estimated from the mixture proportion of the concretes and porosity of aggregates and cement pastes. 
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 For the NWC, with the increased w/c from 0.30 to 0.54, the water accessible porosity was 
increased from 5.8% to 16.1%. Comparing the concrete with a given w/cm of about 0.38, it 
seems that the water accessible porosity of the concretes with LWA particles (NWC with 
LWA for internal curing (Mixtures S1-S3)) and LWC (Mixtures L1-L10) ) increased with the 
increase in content and porosity of the LWA. However, the extent of the increase in the water 
accessible porosity was less significant compared with that of the total porosity. This 
confirmed that many pores in the concrete with LWA particles were discrete and did not 
contribute to water penetration.  
Comparing LWC mixtures L1, L2, L5 and L4 with increasing w/cm of 0.30, 0.35, 0.38, 
and 0.45, the water accessible porosity was generally increased from 9.6% to 14.9%. Mixture 
L2 has a similar water accessible porosity of 11.7% to mixture L5 which has a water 
accessible porosity of 11.0%. This is attributed to the 8% silica fume incorporated in mixture 
L2 which refined the microstructure of  L2 and made the pores more disconnected. 
The use of fine LWA particles in concrete for internal curing (Mixtures S2 and S3) 
reduced the water accessible porosity slightly even though their w/cm was slightly higher than 
the control NWC (N2).  This may be attributed to increased cement hydration due to the 
internal curing from the pre-soaked LWA which reduced the capillary porosity and pore 
connectivity in the cement paste. 
Comparing the control NWC with w/cm of 0.54 (N4) and all-LWC with w/cm of 0.20  and 
10% silica fume (L10), the former had higher water accessible porosity than the latter 
although the latter had much higher total porosity and much lower unit weight. This indicated 
that the w/cm and density of cement paste binder in concrete had significant influence on the 
water accessible porosity of concrete, thus concrete resistance to the penetration of harmful 
substances.  
 
Figure 2: Influence of water accessible porosity on total charges passed determined based 
on ASTM C 1202 test. 
 
3.2 Influence of water accessible porosity on the concrete resistance to chloride ion 
penetration  
Figures 2 and 3 show effect of water accessible porosity on the total charge passed and 
migration coefficient of the concretes, respectively. It is clear that the concrete resistance to 
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 chloride ion penetration are strongly correlated to their water accessible porosity. The total 
charge passed and migration coefficient of the concrete were increased with the increase in 
the water accessible porosity. These figures also show that the trend for the all-LWC which 
had much lower unit weight compared with other mixtures deviates from all other mixtures. 
This indicates that the unit weight of the concrete may also be a factor that influences the 
chloride-ion penetration.  
 
Figure 3: Influence of water accessible porosity on migration coefficient of concrete. 
 
3.3 Correlations between water accessible porosity and resistance to chloride ion 
penetration of concrete with different unit weights 
To test the significance of the effect of water accessible porosity (P) (in percentage) and 
oven dry unit weight of concrete (D) (in kg/m3) on the charge passed and chloride migration 
coefficient, best subset regression method [10] was used to find significant predictors for 
estimating the transport properties by using Minitab software. Multiple regression analyses 
were then carried out to find out co-relations between the charge passed/chloride migration 
coefficient and the significant predictors. 
Using the best subset regression method it was found that P and P/D were significant 
predictors for the charge passed and chloride migration coefficient of the concretes. Least 
squares regression analyses were carried out and empirical relationships between the transport 
properties and the water accessible porosity and oven dry unit weight of concrete were 
established as shown in Equation (2). 
 
        (2) 
 
where  represents total charge passed and migration coefficient of concrete. Least squares 
estimates a0, a1, and a2 were obtained from the regression analyses of the experimental 
results, and are presented in Table 4 together with corresponding regression coefficients R2.  
As silica fume has significant influence on pore size distribution and concrete 
resistance to chloride ion penetration, the regression was divided into two parts, one for all 
concretes except those with silica fume and the other for all concretes. The regression 
coefficient R2 for the total charge passed (C) and migration coefficient (Dm) of the former was 
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 about 0.80 and 0.73. The regression coefficient R2 for the total charge passed (C) and 
migration coefficient (Dm) of the latter was about 0.69 and 0.66, respectively. From practical 
point of view, such regression equations would give reasonable estimations for the total 
charges passed and chloride migration coefficient of the concretes.  
In the regression analyses, the water accessible porosity Pw has a wide range from 
about 6 to 22%, and oven-dry unit weight of the concretes D ranged from 1216 to 2287 
kg/m3. The regression equations are valid within the ranges. Due to limited experimental 
results available, further research is needed to validate the equations for concretes with 
various curing conditions and mineral admixtures. 
 
Table 4: Regression analysis for empirical equations 
 unit ao a1 a2 R2 Applicability 
C Coulombs -1533 8.30×104 -8.28×107 0.80 All concretes except 
those with silica fume Dm ×10-12m2/s -2.29 253 -2.77×105 0.73 
C Coulombs -1836 8.57×104 -8.51×107 0.69 All concretes 
Dm ×10-12m2/s -2.25 241 -2.60×105 0.66 
 
 It should be noted that the size of the concrete specimens used for determining the 
water accessible porosity is important, particularly for LWC. For the LWC, cut surface 
exposes closed pores within LWA. The area of the cut surface relative to the thickness and 
volume of the specimen thus influences the water accessible porosity of the concrete. For a 
thin specimen, for example, the cut surface with exposed internal pores of the LWA would 
have more significant influence on the water accessible porosity than a thicker specimen. In 
addition, thickness and volume of the specimens are critical as it is more difficult to achieve 
saturation for thick specimens. This will affect the accuracy of the water accessible porosity 
of the concrete determined. In this study, the specimens for determination of oven dry unit 
weight and water accessible porosity had the same specimen size as those for the chloride ion 
penetration test. The specimens had a diameter of 100 mm and a thickness of 50 mm cut from 
a 100×200 mm cylinder. 
4. SUMMARY AND CONCLUSIONS 
Water accessible porosity is an important parameter that is strongly correlated to the total 
charge passed and chloride migration coefficient of the concrete. Based on the experimental 
results and regression analyses, empirical relationships of the charge passed and chloride 
migration coefficient versus the water accessible porosity and oven dry unit weight of the 
concrete are established. Using basic properties of water accessible porosity and oven dry unit 
weight which can be easily determined, the total charge passed and migration coefficient of 
the concrete can be estimated for quality control and for estimating durability of concrete. 
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